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Abstract — monolithic integrated transimpedance amplifier 
for the receiver in a 40-Gb/$ optical-fiber TDM system has been 
fabricated in an InP-based HBT technology. Despite its high gain 
(transimpedance of 2 kO in the limiting mode, 10 kO in the linear 
mode) the complete amplifier was realized on a single chip. Clear 
output eye diagrams were measured up to 43 Gb/s under realistic 
driving conditions. The voltage swing of 0.6 Vpp at the differential 
50 O output does not change within the demanded input dynamic 
range of 6 dB. At the upper input current level even 48 Gb/s were 
achieved. The power consumption is approximately 600 mW at a 
sln^ supply voltage of —SS V. 

Index Terms — Compound semiconductors, HBT circuits, optical 
communication ICs, transimpedance amplifier. 



I. Introduction 

FUTURE optical-fiber TDM (time division multiplexing) 
links will operate at data rates of 40 Gb/s. To achieve this 
aim, sophisticated technologies for the opto-eiectronic and elec* 
tronic components are required and an adequate system concept 
must be used [I]. 

The scheme of a 40-Gb/s link is shown in Fig. L In the re- 
ceiver of this link, a gain controlled optical amplifier (OA) is 
used in front of a high<urrent photodiode (PD). As a conse- 
quence, the input sensitivity, dynamic range* and total gain of 
the amplifier can be reduced compared to systems without OA's 
[1). Here, the output signal of the amplifier is time-regener- 
ated by the first stage of a demultiplexer ("decision DEMUX") 
rather than by a single master-slave D-flip-flop. By this mea- 
sure, the clock-phase margin and input sensitivity are essen- 
tially improved and the clock frequency to be extracted is halved 
(20 GHz). 

Nevertheless, the transimpedance amplifier in the receiver is 
one of the most speed-critical components of the system. As a 
consequence of the reduced total gain in the receiver (due to the 
use of an optical amplifier), a separation into a pre- and main- 
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Fig. 1. Scheme of a 40 Gb/s opiical-fiber TDM link (1 1. 

amplifier chip proved no longer to be required, thus reducing 
costs and avoiding critical interfaces [2], . 

In this paper, a single-chip transimpedance amplifier in 
InP-based HBT technology developed for an advanced 40-Gb/s 
system, is presented. Despite the comparatively high gain, it 
operates reliably up to 43 Gb/s within the dynamic range of 
interest and is, thus, faster than the 40-Gb/s SiGe amplifier 
published two years ago [2]. The output voltage swing is high 
enough to drive both the succeeding decision circuit and the 
clock recovery circuit directly via matched SO-H transmission 
lines. 

11. Circuit Design 

Fig. 2 shows the block diagram of the transimpedance am- 
plifier. The circuit consists of three cascaded amplifier cells, 
discussed below. Differential operation is consequently applied. 
Besides other advantages, this operation mode reduces noise 
problems, typical in amplifiers with such a high gain and op- 
erating speed (cf. Section HI). 

Comprehensive investigations of different amplifier concepts 
have shown that the required high gain can hardly be achieved 
with a completely linear circuit at the required high operating 
speed. Therefore, only the first amplifier cell operates in the 



O018-9200/O0$10.00 & 2000 IEEE 



11391 MA I > 



BEST AVAILABLE COPY 



MOLLRICH ftai.: HIGH-GAIN TRANSIMPEDANCE AMPLIFIER 



i26r , 




CHIP 



photodiode 
(PO) 



linear 


limiting 


>. 




OS _/L 







-0 output 

1^0 son 



basic amplifier cefls 



LP filler^ d.c amplifier 



offset oontrol 



Fig. 2. Simplified block diagnun of the limiting transimpedance amplifier 
{Li = adjusted input bond inductance, Ci — off-chip decoupling capacitor). 
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linear and the others in the limiting mode. The limiting mode 
guarantees the desired constant output swing and, in addition, 
compensates the gain drop at high frequencies. 

An important design aspect for this separation into a linear 
and a limiting part is as follows. The group delay of the first 
(linear) amplifier cell should deviate only weakly from the (con- 
slant) low-frequency value up to high frequencies, since this de- 
viation would result in time jitter which can hardly be regen- 
erated by the succeeding limiting cells. In contrast, a drop in 
signal amplitude of the first cell with increasing frequency can 
be compensated by amplitude limitation in the succeeding cells. 
Therefore, the first (linear) cell of this amplifier shows a lower 
cutoff frequency for the magnitude compared to the phase. 

The simplified circuit diagram of the (linear and limiting) 
amplifier cells is shown in Fig. 3. Each cell consists of a 
transimpedance stage (TIS). succeeded by two emitter fol- 
lower pairs (£F) and a transadmittance stage (TAS). The 
negative-feedback resistor Re is only used in the third stage to 
reduce potential ringing. Note, that at each interface between 
succeeding amplifier stages the principle of strong mismatching 
is met [3]. 

The currents of the TIS and TAS as well as of the second EF 
pair are adjustable (via additional bond pads) for compensation 
of potential spread in technology and model parameters. Apart 
from and from the bias currents and dimensions of the tran- 
sistors, there are only slight distinctions between the different 
cells (e.g. the feedback resistance Rp varies between 200 and 
400 fi). 

Since the driving PD is dc coupled to the input of die amplifier 
(Fig. 2), an automatic offset control is required to compensate 



the offset of the input signal current (i.e. half of the input current 
swing A//). This offset control consists of an on-chip dc ampli- 
fier and an external capacitor for lowpass (LP) filtering. The cur- 
rent generated by the offset control as well as an additional cur- 
rent for optional fine-adjustment of the input threshold with re- 
spect to minimum bit error rate (not shown in Fig. 2) are fed into 
the complementary input of the first differential transimpedance 
stage, which is decoupled by an off -chip capacitor (Ci). This 
capacitor additionally reduces the influence of the shot-noise, 
mainly caused by the output current source in the offset control 
circuit The control signal is picked off at the output of the lirst 
EF pair in the first amplifier cell. 

While die bond inductance to the decoupling capacitor Ci 
has to be as low as possible, the input bond inductance L'l is 
optimized mainly witfi respect to optimum frequency response 
by adjusting the bond length. The optimal value is about 0.4 nH, 
corresponding to a bond length of 0.5 mm. In order to reduce 
potendal double reflections between the amplifier output and the 
succeeding circuits which are driven by 50-0 microstrip lines, 
two on-chip output resistors (60 Q) are used which, however, 
increase the current to be switched by the output stage. 

A constant differentia] output voltage swing of AVq = 600 
mVpp at 50 U external load must be achieved at an input current 
swing A// between 0.3 and 0.6 mApp (6 dB electrical dynamic" 
range). 1 Thus, the total transimpedance, i.e. the output voltage 
swing related to the (minimum) input current swing, is Zrr » 
2 kn in the limiting mode (small-signal value about 10 kH). 
The simulated equivalent input noise current density averaged 
over the frequency range of interest («20 pA/VHz) proved to 
be well below the system requirements (<25 pA/v/llz). Due' 
to the on-chip output termination (60 U) the effective load is 
27.3 n, so that the output stage has to switch 1 1 mA.The total ^ 
power consumption is about 600 mW at a single supply voltage 
of = -5.5 V. 

m. Layout Considerations 

Amplifiers with such a high gain and operating speed must 
be designed very carefully [3]. This holds not only for the op- 
timization of the transistor sizes and resistances but also for 
the arrangement of the amplifier stages on the chip and for the 
on-chip wiring. For example, critical lines must be shortened 
at the cost of uncritical ones. Longer lines were designed as mi- 
crostrip lines with the lower metallization layer used as a ground 
plane. 

Due to the great influence of the layout and mounting para- 
sitics. the circuit simulation must be closely related to the layout 
and to the mounting technique. For this, on-chip wiring par- 
asitics were extracted and introduced into the simulation (cf 
Section V). This holds for the longer lines between the am- 
plifier cells (simulated as coupled microstrip lines) and for the 
short interconnections between the circuit components within 
an amplifier cell, as well as for the connections from the cells 
to the ground and supply voltage pads. The bond inductances 
(including the mutual inductances) were calculated by use of an 
adequate computer program. 

'This voltage swing is high enough to drive both Che succeeding decision 
DEMUX and the clock recovery circuit via a passive power divider (cf. Fig. 1 ). 
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Fig. 5. Cross-section showing the AilnAs/GalnAs HBT process used. 

currents in the circuit (cf. Section n).^ However, this option 
proved not to be required, due to the good agreement between 
measurements and simulation prediction. The dc amplifier for 
the offset control is located in some distance from the amplifier 
cells. The chip size is 1.6 mm x 1.2 mm. 



Fig. 4. Chip photograph of the transimpcdance amplifier. The chip size is 
1.6 mm X 1.2 mm. The pads for ground (GND) and supply voltage (Vo) are 
only marked in the first amplifier cell. 

A problem of the single-ended amplifier input is its sensitivity 
to coram<Mi-mode noise. Due to the different off-chip imped- 
ances at both nodes of the input (comparatively high at the used 
input temiinal and low at the ac decoupled terminal), poten- 
tial common-mode noise is transfomied into differentia] noise, 
which is added to the data signal and results in ringing and time 
jitter. The common-mode noise may be generated by the am- 
plliief cells themselves (especially by the switching of the £F's 
in fte limiting cells) or may originate from external influences 
(e.g. from an insufficient common-mode reflection coefficient at 
the inputs of the succeeding circuits). To minimize the interac- 
tion of these noise sotirces with the sensitive amplifier input (e.g. 
via the parasitic inductances of common on-chip lines and bonds 
to the ground and supply voltage terminals or via the substrate), 
the different amplifier cells were electrically and spatially sep- 
arated by adequate measures in the layout For example, sepa- 
rate ground and supply*voltage pads for each cell are required. 
The wide distance between the amplifier cells results in com- 
paratively long signal lines» which, however, can be tolerated as 
long as the lines are driven by the (high-impedance) output of a 
TAS [3]. However, the efficient shielding of the two input pads 
by a low-^hmic buried layer, used e.g. in the amplifier described 
in [2], is not possible with the technology used here. 

Careful simulations supporied by the powerful substrate sim- 
ulator SUSI [4], [5] proved these measures to be sufficient to 
guarantee reliable operation. However, it should be mentioned 
that the coupling between the cells via the semi-insulating sub- 
strate is not necessarily lower compared to an amplifier designed 
in a SiGe bipolar technology with its resistive (e.g. 20 Qcm) sub- 
strate [2]. 

The chip photograph in Fig. 4 shows the three clearly sep- 
arated amplifier cells, connected by comparatively long differ- 
ential microstrip lines, and, moreover, the strictly symmetrical 
layout within the amplifier cells. Most of the bond pads are re- 
lated to dc terminals which are provided for adjusting some bias 



IV. TECHN0LCX3Y Applied 

For the fabrication of the IC's, the baseline 3-inch 
AlInAs/GalnAs HBT process of HRL laboratories was 
used [6]. The HBT*s with AlInAs emitter, GalnAs base, and 
GalnAs collector achieve 80 GHz for both U^ansit frequency 
(/t) maximum oscillation frequency (/max)- A cross-sec- 
tion of this technology is given in Fig. 5. The process features 
mesa isolated transistors on a semi-insulating InP substrate,, 
self-aligned base contacts for high-speed operation, thin film 
TaN resistors and high-resistivity epitaxial resistors, S'lzN^ and 
polyimide capacitors, and two levels of interconnections. The 
IC fabrication process constructs the individual HBT's first 
(typically from 2x2 /im^ to 2 x 20 fim^ emitter size), followed 
by the passive elements: Then the wafers are planarized with 
polyimide, and vias are formed through the polyimide to 
expose buried electrodes which are contacted with second level 
interconnections. 

V. Simulation Results 

The simulations of the amplifier were performed with SPICE, 
however, using an extended transistor model. For example, rwo 
excess phase delays were implemented in this model (cf. [7]), 
which proved to be of some influence on circuit behavior and 
were, therefore, carefully estimated. 

Fig. 6 shows the simulated tequency response of the first am- 
plifier ceU loaded by the second cell. Plotted are the magnitude 
\H\ and the phase deviation' A(p of the transfer function H vs. 
frequency, which is defined by the rario of the differential output 
current of the TAS (cf. Fig. 3) to the intrinsic current of the PD. 
As described in Section II, the stage has a comparatively low 
3 dB-cutoff frequency for the magnitude (about 20 GHz), but a 
low phase deviation up to high frequencies. To the authors ex- 
perience with the design of this and other broadband amplifiers, 

^is measure is recommended for the first design of an experimcntai cir- 
cuit, working at the limit of the technology used (especially, if the technology is 
still in an experimental state). It allows to compensate for potential technology 
spread and model inaccuracy so that a redesign can be avoided. 

^The phase deviation is defmed as the difference between the real phase and 
an *'ideal** phase which is proponional lo the frequency (8}. 
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Fig. 6. Simulated frequency response of the first amplifier cell. Shown are the 
magnitude \H\ and the phase deviation Av? of the (complex) transfer function 
H defined in the text 
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Rg. 7. Simuiaicd output eye diagram at 43 Gb/s for the Specified nuugins of 
the input cunent swing A//. Top: A// = 0.3 mApp. Bouom: A// = 0.6 
mApp. 



the observed Ay? less than 15*" within the frequency range of 
interest is low enough to guarantee low time jitter. 

The simulated eye diagrams at a data rate of 43 Gb/s are 
shown in Fig. 7. This simulation considers all (known) effects 
caused by on-chip wiring and substrate coupling as well as by 
mounting parasitics. The driving PD is modeled by an adequate 
equivalent circuit [ 1 ]. For the transistor parameters target values 
are used. 

VL MEASUREMENT RESULTS 

For measurements, the chip was mounted on a ceramic sub- 
strate. Since the ratio of the output voltage vq of the amplifier 
and the intrinsic current of the PD (ipo a light intensity) is 
of main interest, in this purely electrical measurement the PD 
is modeled by a simple equivalent circuit realized on the same 
substrate. It consists of a high-ohmic thinfilm resistor (500 H) 
approximating a cunent source/ and a thinfilm capacitor (65 
fF) v*ich represents the total capacitance of the PD. This PD 



^Thts assumption was verified by simulations as well as by measurements on 
a separate thinfilm substrate. 
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Fig. 8. Circuit diagram of the measurement set-up. 
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model is simplified compared to the model used for circuit sim- 
ulations. However, the simulation results differs only slightly 
between both models. 

The measurement set-up, shown in Fig. 8, was' driven by 
quasipseudo-random bit-sequence generator (BSG), developed 
at Ruhr-University Bochum [9], [10). For this, four uncorrelated^ 
bit sequences of lower data rate, each with a word length of 2^^ — 
1^ are multiplexed to a pulse sequence of the desired data rate 
(for details, see (9)). Between the BSG and the measurement 
socket, an external bias-T is provided to adjust the input bias 
voltage of the amplifier. The amplifier output was connected to 
an HP sampling scope with 50 GHz bandwidth and 50 H input 
impedance. 

In Fig. 9, a photograph of the measurement socket is shown, 
with V-connectors at the single-ended input and at the differen- 
tial output The chip is located in a recess of the ceramic sub- 
strate, so that the surfaces of the chip and the ceramic substrate 
are on the same level. This allows us to shorten the length of 
the bond wires. The external capacitances required for decou- 
pling the unused input terminal and the supply voltage as well 
as for the low-pass filter in the offset control are all separated in a 
high-frequency part near the chip and in a lower-frequency part 
in some distance. Between them, low-ohmic resistors (about 10 
Q) are used to suppress potential oscillation. 

The output signal of die BSG, measured behind the bias-T 
at 50-1) termination, is shown in Fig. 10. It corresponds to the 
intrinsic PD current tpo at a swing of A// = 0.3 mApp. Note, 
that for this and the following eye diagrams the exposure time 
was chosen as long as 2 min in order to be sure that the eyes are 
in fact well opened. 

The measurement results presented now were achieved with 
the first design and the first technological run. The clear output 
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Fig. 10. Input eye diagram ai 43 Gb/s. measured at 50 O leiminaiion behind 
the Bia»-T (cf. Fig. 8). The voltage swing corresponds to an input current swing 
of A/, =0.3mApp. * 




Fig. II. Measured output eye diagrams at 40 Gb/$ for the specified roaigins 
of the input cunent swing A/,. Top; ^// = 0.3 mApp. Bottom: A/, = 
0.6 mApp. The differenUal output voltage swing m both cases i&^Vq = 0.6 
mVpp. 

eye diagrams in Fig. 1 1 were obtained at the nominal data rate 
of 40 Gb/s for the minimum and the maximum value of the input 
current swing (top and bottom, respectively). The reliable oper- 
ation of the offset control was confirmed by changing the bias 
voltage VBi„ of the bias-T (cf Fig. 8). No significant influence 
on the output signal was observed at offset currents up to 1 mA. 

Even at 43 Gb/s, well opened eye diagrams with low time 
jitter were measured within the demanded dynamic range of the 
input current swing, as shown in Fig. 12. It should be noted 
that the measurement results in Fig. 12 agree fairly well with 
the simulation results in Fig. 7 without any readjustments of the 
currents via bond pads and without reextraction of the transistor 
parameters (cf. Section V).5 The smaller eye opening in Fig. 12 
(top) compared to Fig. 7 (top) is partly caused by noise in the 
circuit and the measurement setup, which is not considered in 
the simulation. 

For the upper margin of the input current swing (A// - 
0.6 mApp), even a data rate of 48 Gb/s was reached (Fig. 13). 
showing the speed limit of the developed amplifier. 

VII. Conclusion 

A monolithic integrated transimpedance amplifier for a 
40-Gb/s optical-fiber TDM link has been developed. Well 

^Howcv«r. it should be noted that a reliable check of the simulation accuracy 
would requite a resimuiation of the circuit, using transistor paranoeters extracted 
from test structures wbidi are located on the same wafer as the measured am- 
plifier sample. 




Fig. 13. Measured output eye diagram at 4S Gb/s and :\// = 0.6 mA, 
showing the speed limit of the amplifier. 



opened eye diagrams were measured up to 43 Gb/s for the 
whole specified input dynamic range and even up to 48 Gb/s 
for the upper margin of this range. The results confirm that 
the complete amplifier for a 40-Gb/s receiver can be fab- 
ricated in InP-based HBT technology and, despite its high 
gain, integrated on a single chip. A significant further speed 
improvement is expected from smaller transistor sizes and a 
third interctuuiection level. 
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